specific inhibitors of binding to and digestion of raw starch by GAI (2) . We previously reported that the Cp region of GAI stereospecifically recognizes the structure of the secondary OH side of ,3-CD and that binding of the Cp region to cyclodextrins and raw starch is accomplished via formation of an inclusion complex between residue Trp-562 and a hydrophobic cavity in the substrate (4) .
In this paper we describe the properties of carboxy-terminally deleted GAls and GAls with substitutions for Trp-562 and Trp-589, which were generated as part of an attempt to identify the minimal necessary sequence of the Cp region and * Corresponding author. Phone: 81-092-641-1101, ext. 6193. Fax: 81-092- 632-1960. the residues that form the inclusion complex that is essential for binding to raw starch and digestion of raw starch by GAI.
MATERIALS AND METHODS
Microorganisms and plasmids. Plasmids YEUp3 and pCSotOl (13) were kindly provided by F. Hishinuma. Escherichia coli JM109 was used as the host strain for general genetic manipulations, and E. coli BMH71-18 (mutS) was used as the host strain for site-directed mutagenesis. Saccharomyces cerevisiae CG379 (MA To ura3 leu2 trpl his3) was used as the host strain for expression of mutant genes for GAI. S. cerevisiae was grown at 30°C in medium that contained (per liter) 20 g of glucose, 6.7 g of yeast nitrogen base without amino acids (Difco, Detroit, Mich.), 20 mg of tryptophan, 20 mg of histidine, and 30 mg of leucine. YPD medium, which contained (per liter) 20 g of glucose, 10 g of yeast extract, and 20 g of Polypeptone, was used for large-scale production of enzymes in recombinant yeast strains.
Construction of cDNAs for carboxy-terminally deleted variants of GAI. cDNAs for full-length and carboxy-terminally deleted GAI ofA. awamori var. kawachi that were suitable for expression in yeast cells were amplified by the PCR. An oligonucleotide whose sequence corresponded to the 5' sequence of GAI cDNA (7), 5'-ACAGAATTCAAGCTTCTGC GACCTTGGAYTCGTGG-3', was used as the forward primer (the EcoRI site is underlined with one line, the Hindlll site is underlined with two lines, and the extra CT nucleotides are indicated by boldface type). Four oligonucleotides, 5'-AAGA ATTCAAGCTTCTACCGCCAGGTGTCGGT-3' for GAY (wild-type GAI, A-1 to R-615), 5'-AAGAATTCAAGCTTIC TATTCCCGGTTCGGGTCGCT-3' for GA596 (A-1 to E-596), 5'-AAGAA7FFCAAGCYlCTAAGCCGGCAGAGT CACAGT-3' for GA570 (A-1 to A-570), and 5'-AAGAATTC AAGCTTCTAGTTACTGGAAGTGTACTT-3' for GA559 (A-1 to N-559), were used as reverse primers ( terminator sequences, respectively, of the gene for mating factor a (MFa) derived from S. cerevisiae (13) .
Assay for glucoamylase activity. Glucoamylase activity was assayed by the method described previously (4 Digestion of raw starch. The ability to digest raw starch was measured as described previously (4). Each reaction mixture, which contained 12.5 mg of raw corn starch and 2.0 ml of a solution of glucoamylase in 0.1 M citrate buffer (pH 3.6), was covered with 0.1 ml of toluene. The reaction mixtures were incubated at 30°C without shaking. At suitable times, the amount of reducing sugar formed was determined by the 3,5-dinitrosalicylic acid method, and the extent of hydrolysis was calculated.
Inhibition of digestion of raw starch by a-CD was also measured with the same reaction mixture containing 1 mM r-CD.
Analysis by difference spectroscopy of the reaction of GAW562L with 13-CD. An analysis by difference spectroscopy of the reaction of GAW562L with 1-CD was carried out by the method described previously (4 General analytical procedures. The molecular masses of glucoamylases were estimated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), using the method of Laemmli (14) . Protein was quantified by determining the absorbance of solutions at 280 nm.
RESULTS
Design of mutant glucoamylases. We reported previously that one Trp residue in the Cp region of GAI contributes to the formation of inclusion complexes with cyclodextrins and raw starch (2, 4). As shown in Fig. 2 masses of wild-type GAY, GAW562L, GAW562F, GAW562G, and GAW589Q were estimated to be 115 kDa and the molecular masses of GA596, GA570, and GA559 were estimated to be 112, 110, and 110 kDa, respectively. The carbohydrate contents of these glucoamylases were higher than the carbohydrate content of A. awamori var. kawachi GAI (17%).
Hydrolysis of gelatinized starch by mutant glucoamylases. The catalytic activity of GAY was identical to that of GAI. Thus, an extra Ser residue at the amino terminus did not affect the catalytic activity. The ability of various mutant glucoamylases to hydrolyze gelatinized starch differed slightly from one enzyme to another, as shown in Table 1 .
Binding of mutant glucoamylases to raw starch. As shown in Table 1 , high levels of binding to raw starch (70%) were observed with GAY, GA596, GAW562L, GAW562F, and GAW589Q. However, the levels of binding of GA570, GA559, and GAW562G to raw starch were less than 12% under our experimental conditions. Affinity of mutant glucoamylases for a-CD. As shown in Fig.   3A , the wild-type enzyme, GAY, adsorbed to ct-CD-Sepharose CL-4B and was eluted with 2 mM 1-CD with a peak at fraction 40. GA596 also adsorbed to this resin and was eluted with a peak at fraction 39. GA570 and GA559 did not adsorb to a-CD-Sepharose. However, as shown in Fig. 3B, GAW562L , GAW562F, and GAW589Q adsorbed to ot-CD-Sepharose and were eluted by ,B-CD in the same peak fraction as wild-type GAY (fraction 40) and in earlier peak fractions (fractions 38 and 39), respectively. GAW562G did not adsorb to ct-CDSepharose. soluble starch differed from one another, digestion of raw starch by these enzymes was carried out under conditions in which the same level of catalytic activity was present in each reaction mixture (10 U/ml). As shown in Fig. 4 , the ability of GA596 to digest raw starch was almost identical to the ability of the wild-type enzyme, GAY, while GA559 had lost this ability. However, GA570, which lacked two Trp residues, was able to digest raw starch despite its inability to bind to a-CD-Sepharose. In the case of mutant enzymes that had point mutations, GAW562L digested raw starch to the same extent as the wild-type enzyme, GAY. GAW562F exhibited significantly lower digestive ability (its ability was one-fifth the ability of GAY), and GAW562G was unable to digest raw starch. The ability of GAW589Q to digest raw starch was 70% of the ability of GAY. Effect of ,B-CD on the digestion of raw starch by GA570. As shown in Fig. 5 , digestion of raw starch by GA570 was specifically inhibited by 1-CD.
Difference spectroscopy analysis of the reaction of GAW-562L with [I-CD. As described previously (4), spectral perturbations that reflected the side chains of aromatic amino acids were observed during titration of GAI with ,B-CD. Although GAW562L adsorbed to ,B-CD-Sepharose, titration of GAW- 562L with 13-CD (0 to 220 ,uM) did not result in any spectral perturbations (Fig. 6 ).
DISCUSSION
We suggested previously (4) that one Trp residue in particular, perhaps Trp-562, might contribute to the formation of an inclusion complex with a hydrophobic cavity in the amylose structure of raw starch via recognition of the secondary OH side of glucose residues.
In this study our data indicated that the minimal sequence around Trp-562, PL(W-562)YVTVTLPA, is essential for digestion of raw starch and that hydrophobic residue Trp-562 contributes to the formation of an inclusion complex. The sequence near Trp-589, which is rich both in amino acids that can form hydrogen bonds with the substrate and in charged amino acid residues, assists in the formation of the inclusion complex. The sequence from A-515 to N-559, including W-542, is not, by itself, sufficient for adsorption to and digestion of raw starch, but it may be necessary. The sequence from Y-597 to R-615, including W-614, is not important for the adsorption and digestion of raw starch (Fig. 7) .
Our observation that GA596 adsorbs to and digests raw starch to a significant extent, while GA570 does not adsorb to ot-CD-Sepharose and exhibits significantly lower affinity for raw starch but is able to digest raw starch, indicates that the sequence around Trp-562, PL(W-562)YVTVTLPA, is essential for the digestion of raw starch, while the sequence around Trp-589 is not essential for digestion but contributes to the adsorption to raw starch. Characteristics similar to those of GA570 were found in an a-amylase obtained from Bacillus subtilis 65 (10), which can digest raw starch but cannot adsorb to it.
Since GAW562L, GAW562F, and GAW589Q but not GAW562G bound extensively to raw starch and cyclodextrins, and since spectral changes during titration with 1-CD were observed with GAI but not with GAW562L, it appears that Trp-562 forms an inclusion complex with the cavity of amylose and that newly introduced hydrophobic residues, such as Leu and Phe, can replace Trp in the interaction of the enzyme with its substrate. inclusion complex between the cavity of the amylose and Trp-562 or equivalent hydrophobic residues, may cause the release from amylose of the included water to disrupt internal hydrogen bonds. The Gp-I region flanking the raw starchbinding domain interacts with a water cluster and supplies water molecules to the raw starch-binding domain, allowing GAI to digest raw starch effectively (3, 8) .
